
AD AO76 966 ARMY ARMAMENT RESEARCH AND DEVELOPMENT COMMAND ABERQ——ETC F/S 7/4
THE UNIMOLECULAR OZONE DECOMPOSITION REACTION. (U)
AUG 79 ~J M HEIMERL. • T P COFFEE

UNCLASSIFIED ARDRL TR O2IS5 SOIE—AD— E430 323 NL
I OF

AS

~fl 76G0 ______________ _______ ____________________________ _____________

Ii. 
_ _  _ _  

_
_ U

END

I 2 7~



N





- : ~
‘ / 

~~~~~ ~UNILASSIF LED 7
IICU~~$tV cLA 1sl p

~c0t Io.s O~ YHI l P401 (V~b., P.1. SI.I.,. ~~

~~~~~~~b? Wt h& ~~~~~ A?I1~~J 0 AI~~ RtAD W$I~~UCT1OWS
I ~~ I ~~~~~~~ ‘“ B~YO~E cONPLtT1NO rO~W

I *tPo~Y ..uiis(i~~ 7(/ . _ -  GO VT ACC (1$ION ‘*0 ) •I C lP , I w Y ~~ CATALO D Nu~~sIm

Ii ~il?~l ’~’AL ~~~~~~~~~~~~~~~~~~ ~[ 
________________________________

t T i t L e  (~~~d ~~~~wll.) $ YY P I  OF ~ IPONt S pimoo COV(~~ED

‘7~’ —
. RRL Tech Keoort

The Unioolecular O:one Dcco.po.it ion Reaction $ pg NFo~~~s Nao m G. ~~~pO~~Y Nu’* StS

~~~~~~ ~~~~~~~~~~~~~ I COw ‘IA
,
~J D ~ ~&~! 

wuN S .~

/ j (~ 
Joseph 4JIJet~erl I “d ’~ I~ ~Terence P /Coffee J
I P$ø~~0~~~~’*S O~~~ANi tAT.ON W~~~I AND *0051*5 1$ .m~ ON*ii t i.I.~~t ’*T. PSO4CY . Y A*m
US Ar.y Arasoent Research and t)evelopsent Co and ASI A 0 0005 uNIT WUNOI SS
US Aray Ballistic Research Laboratory - “b- - - -  — —

A rrN : DRDAR-BLP ( A L1L1~~1 1fl2All43~~
Aberdeen Proving Cround, ME) 21005 \~~~. —‘

i i  CONT NOLL.wo O~~FIC1 NAN I AN D *0001*5
Araaoent Rc~earch and t)eve1op.ent CO

~~ a?d
~~ 

~~~~~~~~~~~~~~~~~~~~~~~~A1Th: URDAR-Bi
~~~ 4een ProvAI1~ t ruunLL ~~ 2100S ____________________________

~T ~ Oa.ifO* iwO A~~~~~l~~Y II AMI 0 A000ISkI l  
~~~~~~~~~~~ 

C~~a~~i~~~ QjUaM 5 %ICUSITV CLASS (.1 ~~~— -. ~‘•  -, — — I

, ~/ ~~ r~ ; r ~ -1 14j -L ~/ ~ - —‘ —i I
j  / ~~~~~~~ 

j Unclassified- — — — — Tj
SGMl Du LI

~ Os$t5I•u’~ON S T A t I N I N t  (54 ~~4. *~~~~~ i
\p p r t ~~cd t~)r pub i i .. release; di ct r ih u t ion unlimited .

I~~ OS I T N I S U t I O N  $ t & ~~E N L N t  (s~ 1*5 .1.11.51 .51.554 1* 01.55 ~•. i’mt.,~~s *w~ 0.5.55)

D D C
II Mi~~~ L (~~(N T A *V  N0T I$ f~\~?1i~WF1!~1 fit?

I 12 0 I 9~
5 51, 00*00 ~~~~~~~ ,.~~~.. ,~~~ 

,g 
~~~~~~~~~ _ ~, w.~~ ~~~~~~~~~~ 

U U L1~ ~~~~ U 1.!~
Unisolecular Dec ompos ition Arrhcnius Parameters B
O:one Decomposition
Temperature Dependence , , a
Rate Coefficients • -

.

R.a t c Constants ~~~~~— —

~~~ 
— -

~~ 0 ~~ W.. ~~~~~~ ( c  1 t)

~ “*~~fter critical exaainat ion of available data taken fro. the llteratu~e. we 1
have derived an expression f~j the unimolecular deco~posit ion reaction k

1
(M.~3)• I ~l x 1014 exp( -22 .2IRT ) q o~~ ii~~.1 ~~~~~~ ~.j~

’3OOO Ii~. ‘~~ --

• • ~ ~ ~~~~~ ~~~ ~~ 
‘-

DD ~~~~~~~~ 
1Q3~~ S~~~~~o o ~ Unclassified

/ / - / ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ ~~ ~~~~ ~~~~~ I ~~~~~‘
— 

/ 
— — / 

d 

-

~

- - - -- - ---. - --- -- ---- -~~- - - -  -- -- - - - . - -  - -- - . . -~~~ - - - - ~J- i -
~~t~



1
TABLE OF CONTENTS

Page

I.  rRODIJCT ION S

I I .  ANALYSIS 6

A. GEN ERA L 6
B. MICHAEL ’S DATA 7
C. CENTER ANt) ~1JNC’S DATA 8
U . THE LLAST SQUARE S F IT 10

ACLNOWLLDGLMLNT 12

RE FERENCES 16

AP P END I X A 17

APPENDIX B 23

;WSSAR Y 26

APPENDIX C 27

D I STR I BUTIO N LIST 41

- - — p

NTiS 
- - 

W”f S5C~’O0

Dec
-, a

5 , -

i,14.

3 1~

~~~~~~~~~~~~~~



I

I .  INTRODUC~I0N

We have recently developed a one-dimensional , premixed, laminar flame
code that considers detailed elementary reactions and detailed transport
propertiesi . As a test of this code we elected to examine the ozone flame ,
since ~ts flame speed has been measured2 over the range 17 to 100 mole %
ozone. The reactions are

k
O .M  ~~ 02 + 0 + M  (1)

1

0 + 0 3 ~~
. 0, .0~ (2)

and
O .0 .P 4  •. 0, . t4 . (3)

-

A s expected , the most important reaction for our flame studies
proved to be reaction ~1 ). Since adiabatic flame temperatures range
from 102 K to 2o~

’ K2 , we required a rate expression for reaction (1)
val id over this temperature ran9e.

In 1968 these reactions were reviewed in detail by Johnston3. He
found that ki (M 03) • 9.94 x 1014 exp(- 22. 2/RT) ca~ mole 1 ~-l over
the temperature range 200-1000 K. In 1976 the Leeds group4 reco ended
h is value . (The value for R here is taken as 1.9872 kcal mole l K 1 .
To convert to SI units note that 4.184 jou les - 1 calor ie.)

The only data in the temperature range ‘~‘ 600-1000 K available to
Johnston were those of Jones and Davidsonb . All other direct measure-
ments of reaction (1) used by Johnston lay in the range 303-559 K, wi th
mos t of these taken at tempera tures less than 400 K3.

2. 1. N. H.is’mrl and . 1. Coffee, to be puhUohad.

1. A. ~~. Streng and A. . Groue, ‘The Ozone to Oxygen FZw’ne, ” Sixth
Sy~çsoai~r? (Inte r~~tional) on C’o~rbu8tion, Reinhol4 P ithlishing Co.,
1) 5 7, p; 264—273.

.‘. II.  . .  ~~~~~~~~~~~~ ~~~~ Phase P.’i’~ f~~ Kinetics of Neutral Oxygen Spa—
‘~.‘a”, .v:R~

;-y8.;~o, Sep t.nbar 1968.

4. .. L. Bauich, V. ~~~. Drynd ale , .1. Duxbza ’y and S. J .  Grant, “E~.2luatedKinetic ~~ta f o r  Hi gh Tg”~ eratitre Reactions “, Bu t ter~ort ha , Boston,
1976, Vol. 3.

5, W. N. Jon es and N. L) avid.on, .1. Am. Cham. Soo. ~j ,  2868-2878, 1962.
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Several investigators , all using shock tubes , found indi~ ati ons that
the Arrhenius express ion for reaction (1) given by Jones and Davidson5
might not be valid at higher temperatures. Over a combined temperature
range of 1340-3300 K , Wray b and Kiefer and Lutz’ ,8 found their experi-
mental results were consistent with values of k1/k2 that were much lower
than those predicted using the Jones and Davidson expression . Michael9
used Benson and Axworthy ’s10 value for k and found that his values for
k1 lay progressively lower than those obtained by assuming the Jones and
Davidson expression to be valid over the range ‘~- 1000-1400 K. Finally
Cen ter and Kung il showed experiment .i l evidence that this rate coefficient
is about a factor of two smaller than the ~.i1ue obtained by a’~suming that
Johnston ’s expression i~~ va l i d at 3000 k.

lhe expressions of Johnston and ~f Jones and I’ .i idson describ e the
t emperature dependence ~f ki o~~•r .. u nited r.angc . Sufficient informa-
t ion seemed to be avail able to .~rr i’.t~ at .‘ better t. p ion of the
t emperature dependence .~f rea ct ion (1). The data of Michae l 9 and thc
high temperature dj t .i of enter and Xung 12 proved to he in a f orm tha t
made this possible. ~ complete li~~t i n~ of the low t emperature data com-
pil ed by .Iohnson-~. ~~~~~~ i.i l ly hi s Table \~ I I I . and that of M2c hae l 9 15

listed in Appendix A . The data ot L enter and ku~g
1.
~ are listed in

Appendix B.

II. AL~~’~I’~

.\ . General

We desired va1ue~. for k 1 extending from - .S~~Uk) K so that a val id
fit (i.e. Arrh enius Jes~ riptio n) could he oht;iined . We should  l i k e  to
use as much of M ichael ’ s data and ..t enter .; l ;ng ’s dat :i as possible
to extend the temperature range covered in .Johnston ’s review . To this
end we first examined the dependence of Mi chael ’ ’. data for k 1 upon the
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value of k 2 and then determined appro priate high t emperature values for
ki from the data of Center and Kung.

In evaluating both the data of Michael and of Center and Kung we
have followed Johnston and have converted each of their measurements to
equivalent ozone. To do so we have used kI (Mi.Ar)/k104.Kr) - 1.25
(ref. 9) and k 1 (*‘03)/k1(N.Ar) • 4.0 (ref. 3) and have assumed that
these ratios are independent of temperature. Should quantitative third
body efficiencies as a function of temperature become available and be
found to differ significantly from the values we have employed, the
analysis presented below would have to be repeated using appropriately
adjusted data.

B. Michael ’s Data

Michael9 operated his shock tube at low initial pressures (~
. 0.04 -

0.2 atmospheres) and large amounts (~ 95%) of krypton as a diluent and
so the only reactions of importance are (1) and (2). This leads to the
following rate equations :

d(0 3J/dt - - k 1[03 1 [MJ - k ,103J (01 (4)

and

dlO )Jdt - . k1 j03)JM) - k,J03]jO). (5)

When the oxygen atom concentration reaches the steady state; i.e.,
dIO)/dt - 0, we can write

d[03J /dt — - 2 k
1 [03J [MJ . (6)

Reactions (1) and (2) were modeled by Michael and the logarithm of the
calculated ozone concentration was plotted against time. He found no
significant deviation from first order kinetics , and ki was described by
equation (6). However , he had used Benson and Axworthy ’s value’0 for
K; • 3.37 x 1013 exp(-S.70/RT) cm3 mole l s-1 . Later expressions of
Johnston3, K; a 1.20 x 1013 exp(-4.79/RT) cm3 mole ’1 s-i (200-1000 K),
and the Leeds group4, K2 - 5.2 x 1012 exp(-4.15/RT) cm 3 mole’ I ~~I (200-
500 K) lead to smaller values for k2. This means that the time for the
oxygen atom concentration to reach steady state w i l l  take longer than in
Michael’s calculations . The question is: how much longer?

- 
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We have numerically intergrated equations (4) and (5) for Michael’s
conditions using the smallest value4 for k2 and found that d [0J/dt 0
is s t i l l  val id in the time frame of M ichael ’ s experiment , ty p i c a l l y  50
to 350 usec . (Rate coefficients derived using equation (6) will tend to
be systematically low but the error is less than ~ 10%). Note that we
must assume that the expression for k2 is valid up to “ 1400 K. This
approach appears to be reasonable si nce Michae l ’ s data are not very sen-
sitive to the precise value of K;.

In su ary we find that the later , lower values of K; do not signi-
ficantly affect Michael’s results.

C. Center and Kung ’s L)ata

Center and Kung i l operated their shock tube at very low initial
pressures i,~~ 

- 
x l0 ’~ to 3 s 10~~ atmospheres) w ith a high (95-99%)

argon diluent . The time scale of these measurements is tens of micro-
seconds , much shorter than the time scale in Michael’ s experiment . A
simple analytical un folding of their ozone concentration relaxation time
observations could he made provided that 101 0 or more precisely that
K . [0J <c K 1 jM~ . Under these condition s

d[m.J :dt — K 1 (M) 10~~1 . (
~~

)

Numerical integration of equations (4) and ~~) for their experi-
mental conditions shows that as one progre sses from 200() K to lower temp-
eratures the more important the term involving .a tomic oxygen becomes
(see Lquat ion 4), and that for temperatures greater than 000 K . the loss
rate of ozone can be approximatel~ described by equation (“ (. In this
manner fourteen points of Center and kun g ’~ were de’ermined to he valid
representations of kl and arc listed in Table I . A complete listing of
their data and a more det ailed .analvs is of their data may he found in
Appendix B.

The question remains : what i~~ the sensitivity of these values of
K 1 as listed in Table I to the value of k,~’ It can he seen in equat ion
(4) that the larger the value of’ K , the more important that term becomes .
Here we have used llampson ’s1 ’ express ion for K; 1.14 x 1013 exp(-4 .57/
RI) cm3 mol e-1 ~-l (200-1000 K). Again this expression for K; has been
assumed to be valid at the higher temperatures. To test the sensitivity
of the values of ki on the value of K; we have arbitrarily multiplied
Ilaupson ’s expression for K; by two for the 2041 K case (see Table I).
We have found that the computed ozone relaxat ion time (i.e. , K 1 ) changes
by about 10% . For the h i gher tempera tures the change is less .

13. .;. F. ~~~~~~~~~ ‘:‘., .~~. ~~~~~~~~ ~~ .f ~~~~ -‘. f .  . . ~t :  : , 267— 308 (1973) .
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TABLE 1. HIQ~ TEMP ERATURE VALUES OF K
1 FROM CENTE R AND KUNG

T(Kj K1 (M - An

2041 5.31(11)

2128 9.48(1 1)

2273 1.54(12)

2353 1.76(12)

2439 1.18(12)

2500 9.98(11)

564 1. 08( 12)

2564 1.30( 12)

2o32 1. 37(12)

2667 1.62 (12)

2703 1.84(12)

2” 8 2.2 5(12)

.857  .~ . 24( 12 )

2941 1.90(12)
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I). The Least Sguares Fi t

The data can be divided Into four groups by temperature : the lower
temperature values3 (303-359 K); the Jones and Davidson3’5 values , (769-
910 K); Michael’s9 values (971-1384 K); and Center and Kung ’s li values ,
(2041-294 1 K). So that the preponderance of low temperature data points
would not bias the fit , each group of da ta was weigh ted equa l l y .  For
example , we used 14 values of K 1 from Cen ter and Kun g (see Table I) and
in this group each value was weighted by 1/14. To avoid biasing the fit
toward the higher absol ute val ues of K 1, errors between the least squares
fit and the data points were all measured in a relative sense. This is
accomplished by us ing a weig ht for each value of K j equal to the square
of the reciprocal of that value . This weight is in addition to the
weig hting discussed above. The logarithmic method with proper transfor-
nation of the weights 14 wa s used to fit the data points to the two para-
meter Arrheniu s form: A exp(-L/RTJ , where R=l.9872 x l0~~ K ca l mol e ’ K~~
and I is the temperature. The value kj (M~03l ~ 4.31 x 1014 exp(- .2.21
Rfl cm3 mole- 1 s 1 was found . The number of digits carried i~ a measure
of the precision ot  the fit and not of the accuracy of the experiments.
A listing of the least squares fitting routine coded in FORTRAN for use
on a CDC-7600 can be found in Appendix (1 .

Table II shows the average erro r for the ~m int s in each of the four
data groups relative to our recoamiended fit. Ihe average error for all
the data points is also shown.  The fact that the average relative error
for each data group is  comparable to the error in the overal l  f it is
another indication that the f it is not dominated liv any single data group .
The size of the errors can be traced to the large amount of scatter in
the data.

To c heck the consistency of these independent data and the robust-
ness of the derived two parameter Arrheniu s expression , fits were also
made by deleting one group of data at a time . These results are given
in Table III. The evaluation of these two parameters is seen to be in-
dependent of any sing le data group . Specifically, if the hi ghest tem-
perature data of Center and Kung are deleted , the subsequent expression
for K 1 extrapolated to 2500 K yields v.i lues onl y 2% greater than all the
data combined . Similarly if Michael’ s data are deleted the subsequent
interpolated va l Lie of this cxprescion for K 1 iS 17% greater than all the
data combined .

Separate fits were made to each of the four data groups . In some
cases the parameters so obtained differed markedly from those obtained
using all t he data. This comes as no surprise since each of the four
groups encompass a rather limited temperature range , while taken together
they span a temperature range of about a factor of ten .

14. 3.  ~~~ ‘~.‘e t..rn~,vi~’ and . £~. si~~7;~ ton, In ter’~~t. .~~. c~f  Th&m. Kin. 
~,481—488 , 1977 . . ‘e also, i~. .1. Ci’e tanovic and ~ I .  ~&i~ leton,

Thta rna t. .1. ct” ‘ “7. Kin ~, 1007—1009 , 1977.

10
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TABLE I I .  COMPARISON OF DATA FROM EAQI GROUP
WITh OUR RECO4’~ NDED FIT

Data Group Average Relative Error

Low Temp 25%

Jones ~ Davidson 43%

MIchael 41%

Center E~ Kung 25%

All Data 33%

TABLE III. LEAST SQUARES FIT FOR ALL 1)ATA
EXCLUD 1~iG DATA GROUPS ONE BY ONE

All Data Except Lol A 1 (kcal/mole)

Low Temp 14 .39 20.6

Jones ~ Davidson 14.60 22.2

Michael 14.70 22.3

Center Fa Kung 14 .64

All Data 14 .63 22.2

11



A three parameter fit of the data was found to yield the expression
a 5.31 x 1016 1-0.61 exp(-23.1/RT) cm 3 mole-1 ~-l . The activation

energy is about the same as the two parameter case and the average error
for all the data in this case is 31% , slightly smaller than the two para-
meter case . The three parameter fit is sensitive to data deletion and
thus we feel that the data are not sufficiently precise to support such
a fit. The two parameter fit is essentia lly just as accurate .

F igure Ia , b, and c show a plot of all the data together with both
the two parameter fit (so l id  line ) and the three parameter fit (dashed
l ine) to these data. Since the vertical scale spans about 15 powe rs of
ten , the plot has been segmented into three sections .

For r ~ 3000 K the two parameter expression we have derived leads
to values of k 1 that are about a factor of two lower than those obtained
by assuming that the Jotrnston expression is valid . Recause the Jones
and lav idson data constituted the highest temperature available to him ,
Johnston necessarily weig hted his fit heavily toward these data . However ,
as can be seen in the figure , our expression y ields values for K 1 that
lie below all the Jones and Davidson data . We do not know if the Jones
and ~a~ idson measurements are systematically too high 15 , or if there is
actu all y some pre-exponential temperature dependence in the function
repre senting K j that cannot yet be discerned because the data are not
sufficiently accurate.

AC KNOWLF1X f)4LS~T
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Figure Ia. High Temperature Data for the tinimolecular Ozone [)eco.positlon
Reaction . The data of Center and Kung arc taken from Table 1 ,
the data of Michael from reference 9 of text and the dat a of
Jones and Davidson from reference 3 of text . The data in the
figure have been adjusted for M 03. The solid and dashed
l ines show respectively the best two and three parameter fits
to all the data .
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APPENDIX A. DATA EXC LUSI VE OF CENTER ~ KUNG

The purpose for this appendix is to list all the data used for this
evaluation of k1 so that, together with Table I, it would be available
in one location for future use.

The bulk of Table 1-A that comprises this appendix is taken direct ly
from Johnston (reference 3 of text). The only change from his Table 18
is the delet ion of the six data points for which Axworthy added H202 or
H20 to the gaseous mixture. The references for this table are to be
found in reference 3 (of text). Following Johnston. these data are
listed for equivalent ozone (i.e., N • 03), and we have converted these
to cm3/moles using the conversion 6,023 x 1023 partIcles/mole.

Michael’s data are taken from reference 9 (in text) where equivalent
ozone has been found using

K
1 

(M a Ar ) /k 1 (N • Kr) - 1.25

and

K
1 

(N • 03)/K 1 
(H • Ar) • 4.0.

Table f-A is comprised of three coltw*s. The f i r s t  Lists degrees
Kelvin , the second column lists the reciprocal of the first multiplied
by 1000. The third column lists the logarithm to the base ten of the
rate coefficient for reaction (1) in units of cm3/uole-sec . All these
values are given for ozone as the third body . To convert to other thIrd
bodies see references 3 and 9 (of text).
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APPENDIX B. DATA OF CENTER AND KUN G

The purpose of this appendix is two fold. First and foremost to
serve as a repository for the actual tabular data upon which Center and
Kung have published their paper (see Figure 4 of reference 11 in text).
The second purpose lies in providing more detail to the analysis given
this data.

Center and Kung ’s data (reference 12) are given in Table B-I. The
terms employed are defined in the Glossary for this appendix. In ana-
lyzing this data set , the main problem lies in finding a value for k1
given the measured relaxation time, 1ç~.

Provided k2[OJ < kj[M) in equation 4 (in text) we can write
d(03)fdt -k1 [MJ [03], Since their measurements are made after the shock
we have

[NJ 
~2 

t
~Ar’~ Ar • 4Y0 /W0 J , (B-I)

where following Johnston (reference 3) we have taken K 1 (N - 03) - 4k 1
(N • Ar). Since 95% or more of the gas is argon it is a good approxi-
mation to take [H) - constant . Then equation 7 (in text) can be readily
integrated, to wit

(03J a (031 o exp (-k 1 fMJ t). (B’-2)

The experiment consists of optically monitoring the ozone concentration
and noting the t ime , t p~ that the post shock intensity equals the pre-
shock intensity. This corresponds to a change in the Oj concentration
equal to 02/01’ Then

a -k 1 [MJ t .  (8—3)

We want an expression for ki in terms of experimentally measurable para-
meters. Using equation (B-I), equation (8-3) can be rewritten as

~~~r. X~n~ • ~~~,ers ted that Otis be done since these data
do not a ’pear a’i~,whe i’e e lse.

23
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K - 
Li~ (p ,/p 1)

~~~~~~ ~~~i
1
~~

) (Y A /W A • 4Y0 /W0 ) (B-4)

An expression for p
1!,.1 can be found from the ideal gas law :

a (RT 1 ~
‘
~Ar ’~

’Ar 
•t~~/WØ ))-l (B-5)

and measuring in ..cec we find

io~’ (n a ” ’  ~ 
MT

1 ‘
~Ar~~Ar 

•

K
1 

(N - Ar) 
t~.....1) (~ 1’~~

) 
~~Ar mAr 

• ~ 
cm’ mole 1~ .l 

(B-6)

Before accepting any value of K 1 derived from equation R-~ , we mustverify the basic assum ption that ~~ ~0J k 1 ~MJ . To do thi ’., equations

~4)  and (5) (in text) are integrated numerically. Kecause of the uncer-
tainty in using expression s for the value of k~ at the higher tempera-
tures , a value twi...c as large as the largest reco ended value (reference
13 of text) has been used in the numerical integration . Those integra-
tions that gave relaxation times within 10% of the measured relaxation
t ime s were accepted as meeting the criterion K 1 [NJ ~ K2 (0].

For example at • 204 1 K , the measured relaxation time is 13.4 usec .
I f  Uampson ’s value (reference 13 of text) for k2 is used , we calculated
a 12. ’ i.~sec relaxation time . If twice Hampson ’s value is used , the re-
laxation t ime is found to be 12.2 i~sec . Since the term K 2 (

~ ] in equa-
tion 4 (of text) becomes the more important the lower the temperature ,
the datum at 11 a 204 1 K is the lowest temperature we have accepted .



TABLE 1-i. THE DATA COLLECTED BY CENTER AND KUNG

Run U p1 ~~p1 1000/T

~~orr1 ~ataos-~secJj~~ ps-~sec ) (cu

080 6 3 , 27 0.74 3.o45 4 .5 ( -2)  3.1 (-2) 0.63
6 1.53 0 .738 3.86 7.7 ( - 2 )  5.6 (-3) 0.47

088 5 [ . 45  0 .725 3 .8 1. 2 ( -3)~~ 9. 0 (.3) 0.515
690 5 1.315 0 .70 3 .o9 3 .8 5 ( - 2 )  2. 3 ( -2 )  0 .60
691 5 1.30 0 .682 3 .~~” 3.9 ( - 2 )  2 .5  (-2) 0.6 1
692 S 1.28 0.o 5  3.~ 5 4.2 (-2) 2.8 ( - 2 )  0.62
694 5 1.2’ 0.655 3.645 4.8 (-2) 3.05(-2) 0.63
695 5 1.725 0.650 3.9’ 4.6 (-3) 1.9 (-3) 0.375
698 5 1.4. 0.620 3. 2.0 ( - 2 )  I.l 0 (-2) 0.53
699 $ 1.21 0 .610 3.58 0. ’U 5 .3  ( - 2 )  0 .t.7
‘00 5 1.12 0 .60 3 3.47 0.14S 0.135 0.74
“01 S 1.06 1.68 6 .~~S 0.255 0.205 0.78

5 1.04 2.05 3.35 0 .2’ 0.25 0 .80
5 1.095 2 .41 3.43 0.21’ 0,145 0,75

‘10 2 1.59 0 .’’3 3• 75 8 .2 ( - 3 )  3 .5  ( - 3 )  0 .40
‘15 2 0.9k 2 . 72 3.15 0.91 0.74 0.92

2 1.01 2 .5’ 3.21 0.61 0 .42 0.86
‘41 5 1.3’ 0.’ti’ 3.’3 2 . 2 5 ( - 2  l . 5 2 ( - 2 )  0.505
‘45 S 1.65 0.755 3.93 o.3 (-3) ..8S(.3) 0.11

5 1.69 0.425 .3 .95 ~.9 (-3) 2.3 (-3) 0.39
S 1,2’ 0.435 3.oS 4.3 (.2) 3.. ( - ;

‘48 1. 42 0.88 3.oS 1.5S (- ) 1.0 ( - )  0.49
‘50 2 1.bIS 0.86 3 .’ 6. 3 (-3) Li (-3) 0 .39

2 1.14 1.oS 3.39 0.14 0.11 0.~ 2
‘52 2 1.1 ’S Z.oS 3 .4 3  9.6  ( - 2  ‘.2 ~~-2 0.70
‘53 2 1.2’ l.oO 3.53 5.1 (-2) 3.1 (- ) 0.60
‘54 1. 3 1.255 s ,os ~ .i 5.5 ( - 2 )  3.5 ( - 2 )  0.61

1.3 0.995 2 .82 3 .1 0.6 2 0 . 5 7  0.88
‘55 1. 0.955 2 . S  3 .1 0.65 0.5’ 0. 88
‘S9 1.2 1.205 1 .3M 3 .35 —

~~~~ ( - )  5 .5  ( -2 )  0.655
1.2  1 .235  2.o2 3.39 4 .2 ( - )  4.2 (~~‘ 0.625

‘02 1.2 1.03 2 .51 3.15 0. 6’ 0. 40 0 .835
1 .2 1. 12 2 .48 3.25 0.246 0.138 0.755

‘66 1,0 1.3 .~.I 3.44 3.2 (-2) .4 -2) 0.575
‘6’ 4.5 1.815 0. 4 4 .01 3.95(-3) l. 42 -3) 0.34
08 1.5 l .olS 0,382 3.91 4.3 (-3) 3.4 (-3) 0.125
e’9 4.5 .~ 0 0.3’S 3.90 1,9 (.3) 3.0 (-3) 0.44
“1 4.5 1. ’IS 0.380 3.97 5. 5 ( - 3 j  2 . 1 2 ( - 3 )  0 .38
‘‘4 4.5 1.” 0.35 3.99 3.3S (-3) 1. 7 (-3) 0.36
‘‘5 4.5 I.’~~ 0.33’ 3.98 4.1 (-3) I.87(-3) 0,3’

4.5 1, 79 0.34 4,00 3.35(-3) 1.S6( - 3) 0 .35
‘82 S 1.41 0.63 3.’S 1. 0 (.21 1.2 (-2) 0.54
‘83 5 1. 425 0.013 3.78 1.19 (-2) 1.1 ( - 2 )  0.525
784 3~1 0.~ 9 3.02 3.09 0 .S .66 0.89
‘*5 3 4  1.0 2 .% 3.1 0.’% .S~ 0.88
‘86 1 1.0 2 .84 3 .1 0,09 .57 0.88

3 4 1.06 .~‘5 3 1 8  0.355 .2’S 0.80
‘89 3 4  1.OS 260 .1 0.43 .31 0.81
‘90 3 1  0.9 ’ 2.55 3 .06 0.97 .85 0.93
‘91 3 4 1. 035 .~.4’ ~.lS 0.43 .37 0.83
‘8$ 3 4 1 . 03 2 ,68 3.15 0,41. . 4 0.835

~~~~~~~~~~~ ~~~~~~~~

~~4rp.zr.’tt ~~~~~~~~ ~
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GLOSSARY FOR APPLND IX B

In i ti.i l mole t’raction uf 0
3~

ShocK speed (mm ~~~~~~~~~ 
1
)

In it ial pressure (t~~r r) .

-

~~~ 

I nit ia l  deri’.t t v (grn. ~~~~

I~~-.t -sht~cK den’.it . gii.

t Re1a~ at to n t ime ieacurcd b~ t c r i t e r and Kun~ (,, s~~~~) . Ihi  ‘~ ~ the
t t nt’ in which t hc 0 . concent rat ion changes by .i factor of

Relaxa t ion t i~w r~ d ic ted  I.. Johnstofl recomnendt~d rates (,~‘~t~C ) -

1 
Re l axa t  i ~n i ~ ~u 1 t i : i i  ed )‘~ in i t t a 1 ~‘res sure i .. sec - atm

l i In i tial temperature (K).

‘4a ’.~-. t r . i . t  ion ot  . ir ~~oii .

Ma’. —. f ract ion of o:one .

Molecular wei g ht of t r~ on (.10 gm/mole

Molecular weig ht of o:onc ( -
~ 

gm/mole ).

R G~is constant t M .0S cm3 - at m .’mole-dcg) .

(MJ (‘oncen t  rat  ~~~~ .i o t “third” body • (~~o I e’., cm
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APPENDIX C. LEAST SQUARES FITTING PROGRAM

Below is a listing of the subroutine used to compute a least square

fit to K 1 using the data listed in Appendix A and Table I. The program
can be easily modified to produce three parameter fits of the form

exp (C/I). 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~
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U SIj R LV AL UATLON OF REP OWr

Please take a few minutes to answer the questions below ; tear out
this sheet and return it to Di rector , US Arm y Ballistic Research
Laboratory , ARRADCOM. All’S: L)R1)AR-TSB , Aberdeen Prov i ng Ground ,
Maryland 21005. Your comments w i ll provide us with information
for improv ing future reports .

1. 881. Report Number 
_______ ____

2. 1~n’s this report sati sfy a need? (Comment on purpose , rela ted
pro)cct . or other area of in terest for which report w i l l  be used.)

3. How , s p e c i f i c a l l y ,  is the report being used? ~Information
source , design data or procedure , management proc edure , source of
ideas , etc.)

4. Has the information in thi s report led to any quantitative
savings as far :is man-hours/contract do l lars  saved , operating costs
avoided , e f f i c i enc i es  achieved , etc .’ If so, please elaborate.

~
.. Gener al Comments ( Ind ica te  what you think should be changed to
make this report and future reports of this type more responsive
to your needs , more usable , Improve readability, etc .) 

____________

t, . If you would like to be contacted by the personne l who prepared
th is report to ra i se specific questions or discuss the topic ,
please fill in the follow i ng information .

Name :

Tel ephone Number : 
— ______ ______________

Organization Add ress: 
____________

_ _ _ _ __ _ _ _  
--- -----~~~~~~~----- -~~ ~~-- . - 


